The spatial analysis of the soil compaction risk has been developed at the regional level and applied to Wallonia (Belgium). The methodology is based on the estimation of the probability of exceeding the preconsolidation stress due to the application of loads on the soil. Preconsolidation stresses (Pc) are computed from the pedotransfer functions of Horn and Fleige (2003) at pF 1.8 and 2.5 and classified into 6 categories ranging from very low Pc (< 30 kPa) to extremely high Pc (> 150 kPa). The computation requires the knowledge of pedological (texture, organic content), mechanical (bulk density, cohesion, internal friction angle), and hydraulic variables (water content available, non-available water content, air capacity, saturated hydraulic conductivity). These variables are obtained from databases like HYPRES or AARDEWERK or from pedotransfer functions. The computation of Pc takes into account the spatial structure of the data: in some cases, data are abundant (e.g. texture data) and spatial variability is taken into account through geostatistical methods. In other cases, the data is sparse but uncertainty information can be extracted from the knowledge of the statistical distribution. Maps of the most probable Pc class are produced. Uncertainty is computed as the classification error probability. Implementation of these methods in Wallonia showed that Pc values higher than 120 kPa are reached either on 64 % of the territory at pF 2.5 or on 55 % at pF 1.8. A higher uncertainty was found at pF 2.5 than at pF 1.8. Uncertainty was also found higher for clay and clayed loess than for other textural classes present in Wallonia. The risk of compaction is defined as the probability that Pc is exceeded by the stress created by a load applied to the soil at a depth of 40 cm, the loads being similar to those induced by agricultural or forestry tires. It appeared that subsoil compaction risks exist mainly in loamy forest soils with small coarse fragments supporting loads similar to that existing on logging machines. In the zones where the uncertainty is low, the developed tool could be used as a basis for providing policy measures in order to promote soil-friendly farming and forest practices.
Introduction
Compaction concerns agricultural and forestry crops and results from the passage of heavy machines on sensitive soils, mainly during harvest operations and harvest transport. The detrimental effects of soil compaction on the crop production have been reported in many studies on both agricultural and forest soils (Hakansson and Reeder, 1994; Hamza and Anderson, 2005; Greacen and Sands, 1980; Goutal, 2012) . Compaction causes a decrease in porosity and an increase in soil strength that may restrict root growth and affect the density and diversity of soil mesofauna and bacterial communities (Soane and van Ouwerkerke, 1995; Batey and McKenzie, 2006; Frey et al., 2009 , Lipiec et al., 2012 . Soil compaction not only reduces crop and forest production, but has also negative environmental effects (Jones et al., 2003) . Indeed, saturated hydraulic conductivity is reduced, increasing the risk of runoff of water and pollutants towards surface waters, and the movement of nitrate and pesticides into ground waters. The volume of soil available to act as a buffer for pollutants is reduced. The risk of soil erosion increases through the presence of excess water above compacted layers. Because of the reduction of soil aeration, production of greenhouse gases through denitrification may occur by anaerobic processes (Jarvis, 2007; Hoefer, 2010) . Considering the detrimental effects of soil compaction, the proposal of the EU Commission for a Soil Framework Directive mentions soil compaction as one of the major threats to a sustained quality of soils in Europe (COM, 2006) . The compaction of the subsoil, defined as 'subsurface soil material that lies below the normal cultivation depth or pedological A horizon', is particularly problematic since it is difficult and expensive to alleviate (Hakansson and Reeder, 1994; Spoor et al., 2003) . Subsoil compaction risks are increasing with growth in farm size, increased mechanisation and equipment size, and the drive for greater productivity (Jones et al., 2003) . In analysing soil compaction, a distinction has to be made between the susceptibility of soils to compaction and their vulnerability. Susceptibility is the likelihood that compaction occurs if subjected to factors that are known to cause compaction (Louwagie et al., 2009 ). Susceptibility to compaction depends on quasi-permanent characteristics such as texture and carbon content and on short-term changing characteristics such as soil moisture condition. It ranges from sand (least susceptible) -loamy sand -sandy loam -loam -clayed loamloamy clay to clay soils (Woods et al., 1944 , cited by Louwagie et al., 2009 . Medium-and fine-textured loam and clay soils are resistant to mechanical pressure at low water contents but they are highly susceptible to severe compaction at high water contents (Horn et al., 1995) . The soil's vulnerability to a given threat is determined taking into account the inherent soil susceptibility and an exposure estimate based on an evaluation of the stresses inflicted by land management and climate (Troldborg et al., 2013) . Jones et al. (2003) propose a simple classification system for subsoil vulnerability to compaction using a two-stage process. First, the inherent susceptibility of the soil to compaction is estimated on the basis of the relatively stable soil properties, such as soil texture, nature of clay, bulk density, organic matter content, structure, soil moisture content and soil moisture potential. Second, the susceptibility class is converted into a vulnerability class through consideration of the likely soil moisture status at the time of critical loadings. The authors conclude that some improvements could be brought to the method, including namely the use of pedotransfer functions. Another method for estimating the soil's vulnerability or the risks of soils being further compacted is obtained by comparing calculated soil strengths with vertical stresses created by a given wheel. The soil strength is usually expressed by the precompression stresses evaluated from pedotransfer functions (van den Akker, 2004, Horn and Fleige, 2003) . More recently, Troldborg et al. (2013) developed Bayesian Belief Networks for assessing the risk of soil compaction, allowing the combination of available data from standard soil surveys and land use databases with qualitative expert knowledge. In order to face the challenge of the Soil Framework Directive, if implemented, the Governments of the European Union wish to identify areas of risk and develop relevant policy measures suited to provide soil-friendly farming practices. The report of the SoCo (Sustainable Agriculture and Soil Conservation) project presents a European map of natural soil susceptibility to compaction (Louwagie et al., 2009) . Based on soil properties, it gives an idea of the geographic spread of compaction susceptibility. Unfortunately, this map does not provide sufficiently accurate information to determine the extent of actual and potential problems at a regional scale and to bring responses to the regions in Europe who have been asked to develop environmental plans. In Wallonia (South of Belgium), political discussion on the problem of compaction is namely taken into account by the Walloon Forest Code which is in application since 13th September 2008 (Décret relatif au Code forestier wallon, 2008) and prohibits explicitly damages on the ground that could have long-term consequences on the forests vitality. Wallonia occupies around 17 000 km². Forest areas represent 530 600 ha while agricultural areas represent 756 000 ha. Forest soils are mainly Cambisols, while agricultural soils are mainly Luvisols. The aim of the paper is thus to develop a methodology that would be suitable to help the policy-makers in order to limit soil compaction. The methodology concerns the subsoil (40 cm depth) because compaction in this horizon is generally considered as particularly serious because of its persistence. As far as possible, the methodology should involve the use of existing databases. The main challenge concerns the structure of the information. In some cases, the information is abundant while in other cases, there is a lack of data. At the same time, the uncertainties relative to the data and to the modelling process have to be taken into account and their contributions in terms of overall uncertainty on the results have to be quantified.
Material and methods
The methodology comprises two stages. Firstly, the susceptibility of soils to compaction is assessed by computing the soil strength, this latter being expressed by the precompression stress (Pc). Secondly, the vulnerability of soils is analysed by computing the vertical stresses created in the soils by a load similar to that applied by a wheel and comparing it to the precompression stress.
Soils susceptibility
Soil compaction is conveniently defined by the precompression stress (Pc): loading of a soil will cause compaction only if a certain level of stress called 'precompression stress' is exceeded (Dexter, 1988; Lebert and Horn, 1991; Horn et al., 1994) . When soil is subjected to stress smaller than Pc, it deforms and recovers elastically along the recompression curve. However, at stresses greater than the Pc, the soil deformation is irreversible.
2.1.1. Pedotransfer functions of Horn and Fleige (2003) Pc is usually measured in laboratory conditions by confined uniaxial compression tests (oedometer tests). As measurement of precompression stresses is a long and tedious task, attempts have been made to evaluate them by pedotransfer functions (PTF). According to Horn and Fleige (2003) , Pc can be predicted by multiple regression analysis for 5 different textural groups based on the German soil texture classification (Table 1) . A high degree of significance can be obtained when the shear parameters angle of internal friction and cohesion are included as independent variables. The five PTFs are derived on basis of 20-year measurements of physical and mechanical properties of 39 typical, differently textured and structured agricultural soils in Bavaria. The equations use mechanical variables (bulk density, cohesion, and angle of internal friction), hydraulic variables (air capacity, available and non-available water capacity, saturated hydraulic conductivity) and organic matter content as independent variables. They are established for two water potentials, pF= 1.8 (h = -63 cm or -6.2 kPa) and 2.5 (h = -316 cm or -31 kPa), which indicates the strong relationship between the soil suction and the precompression stress. Horn and Fleige (2003) consider that these equations are applicable for organic matter contents between 0 and 15 %. Furthermore, they suggest the classification of the precompression stress values in 6 categories ( Table 2 ). The soils with low values of Pc may be considered as highly sensitive to compaction. The effect of coarse fragments (> 2 mm) on the precompression stress is considered by applying a surcharge coefficient. : saturated hydraulic conductivity (cm s -1 )10 3 ; ܺ = ‫ܱܯ‬ : total organic content (g/g ; %) ; ܺ = ܿ : cohesion (kPa) ; ܺ ଼ = ∅ : internal friction angle (degrees) ; ܲܿ : precompression stress, pF 1.8 or 2.5 kPa (kPa). Figure 1 offers a synthetic view of the Pc computation flowchart. The databases are identified in blue and the variables X 1 to X 8 are in the green frames. Those can be classified in two groups: -variables depending on the soil texture (right part of Figure 1 ): hydraulic variables (air capacity, available water content, non-available water content, hydraulic conductivity) and mechanical variables (bulk density, cohesion and internal friction angle), -variables that are function of the total organic carbon (left part of Figure 1 ): bulk density and internal organic content. To obtain these variables, databases including soil properties and PTFs are necessary. They are presented respectively at points 2.1.2 and 2.1.4. As the databases are based on different soil classifications, the textural triangles related to each database are presented (see point 2.1.3). 
Databases
The computation of the PTFs of Horn and Fleige (2003) at the regional scale was based by making use of four databases:
1. AARDEWERK (Van Orshoven et al., 1988) is the Belgian soil profile description database from which 5364 soil profile descriptions were extracted. It was used with two purposes: (i) to select the suited PTF and (ii) to furnish the soil granulometry and the soil organic carbon content. 2. HYPRES (Hydraulic Properties of European Soils) is a European database classifying the hydraulic characteristics of European soils in five mineral textural classes for the topsoil and subsoil, and an organic class (Wösten et al., 1999 (Wösten et al., , 2000 . 3. Tables of cohesion and internal friction angle at pF 1.8 and 2.5 for various texture and structures were provided by Horn and Fleige (2003) . 4. Land use map of Wallonia (Carte Numérique d'Occupation des Sols de Wallonie, CNOS, 2013) was used to separate cultivated soils from forest soils. In all cases, information concerning the subsoil, considered as the horizon located between 40 and 60 cm, was retained.
Textural classifications
In the flowchart of Figure 1 and in the databases structure, three different textural classifications are involved:
-The German classification is required for the choice of the function PTF of Horn and Fleige (2003) . It is based on loess percentages for soil particles lying between 2 µm and 63 µm. The classification involves 5 classes: S, L, LS, AL1, and AL2. -The FAO classification involved in the HYPRES database is necessary to select the water retention curve and to derive hydraulic parameters. Loess is here defined as the fraction between 2 and 50 µm. It comprises 5 classes: Coarse, Medium, Medium Fine, Fine, Very Fine. -In the Belgian classification, the textural limits are the same as in the FAO classification. 7 soil classes, Z, S, P, L, A, E, and U with lesser than 5 % of stones are involved. Furthermore, G corresponds to stony loess with more than 5 % stones and W corresponds to peat zones. Urban zones are also included. The classes are represented in Digital Soil Map of Wallonia (CNSW, Carte Numérique des Sols de Wallonie, 2013) ( Figure 2 ). As it may be seen, a large proportion of soils belongs to class G.
In the implementation of the PTFs of Horn and Fleige (2003) , the initial Belgian soil classification has to be transposed in the German and in the FAO classifications. This implies to take into account the different limits between soils particles (between German and Belgian and FAO limits). As the limits for classifying loess are different in Belgian and German classification, a linear interpolation was performed to convert the loess and sand Belgian percentages in German percentages. Other interpolation methods could be used (loglinear, splines,…), but the gained accuracy was found negligible and would have require a computation time not required in this application. Another problem arises from consideration of classes ALA1 in the German textural triangle and A and L in the Belgian one. When computing Pc for soils located at the limits of German classes ALA1 and L, a discontinuity occurs according the use of PTF 3 or 4. Consequently, to avoid abrupt jumps in mapping Pc, the German classification was slightly changed with the aim that the limits between classes L, ALA1, and ALA2 correspond to the boundaries of the Belgian classification between classes A, L, and E: the initial limit value for clay of 17 % was set to 17.5 %. Concretely, the area corresponding to German class L was enlarged to include more loamy soils. Figure 3 gives the superposition of the three used textural triangles. Once this step is performed, the relationships between the PTFs of Horn and Fleige (2003) and the Belgian soil texture classes can be established. 
Estimation of the organic content
Considering that organic matter (OM) is composed of 58 % of total organic carbon (TOC) (Nelson et Somers, 1996) , its content is estimated by:
The percentage of TOC is available in the AARDEWERK database.
Estimation of bulk density
Sensitivity analyses show that most of the PFTs given in Table 1 present a high sensitivity to the bulk density (BD), highlighting the importance of estimating BD using an appropriate FPT. Therefore, the recent PTFs of Hollis et al. (2012) were used ( Table 3) . The differentiation between the three types of subsoil horizons was performed taking into account the landuse and the presence of gleyfied horizon. The first information is extracted from the CNOS database and the second from the AARDEWERK database. Table 3 . Pedotransfer functions for estimation of bulk density (Hollis et al., 2012) . TOC is the total organic content, Depth is the depth of the middle of the considered horizon (40 cm 
. Estimation of the hydraulic variables
The mean values and standard deviations of the soil moisture content (SMC) corresponding to four characteristic pF values (0, 1.8, 2.5 and 4.2) are given in the HYPRES database ( Table  4) . The non-available water θ na (= X4) is the soil moisture content where most plants cannot exert enough force to remove water from small pores in the soil and correspond to the wilting point (pF = 4.2):
The available water θ a (= X3) is the water available for growing crops. It was computed as the difference between water content at field capacity θ fc (pF = 1.8 and 2.5) and permanent wilting point (pF = 4.2):
The air capacity c air (= X2) is the difference between the water content at saturation θ s (pF = 0) and water content at field capacity θ fc (pF = 1.8 and 2.5):
Equations (2) and (3) were computed taking into account two values of field capacities, pF 2.5 or 1.8.
Saturated hydraulic conductivity was directly derived from Wösten et al. (2000) .
Estimation of cohesion and internal friction angle
The cohesion and the internal friction are given by Horn and Fleige (2003) at two suction values (pF = 1.8 and 2.5) for German soil textural classes, having various structures. The values given for the German textural soil classes were transformed to take into account the Belgian textural limits. Concerning the effect of the soil structure on the cohesion and internal friction, the less favourable value was chosen ('worst case').
Measurements
Measurements were performed on four sites chosen as being representative of agricultural and forest soils. They have the objective to identify trends and are not designed to validate the PTFs and databases in an extensive manner. Indeed, the evaluation of the accuracy of the PTFs would imply to use extensive measurement campaigns on data sets representative of all textural classes which falls beyond the scope of this study.
Two sites (Gentinnes 50°34'N, 4°35'W; Gembloux 50°33'N, 4°42'W) located in textural class A of the Belgian classification are agricultural soils with conventional tillage, while two other sites (Rulles 49°72'N, 5°55'W; Fauvillers 49°88'N; 5°70'W) belonging to the textural class L are forest soils with Fagus sylvatica as dominant species. A brief description of the soil properties is shown in Table 5 . In each site, three straight racks of 10 m length and 5 m wide were selected for the experiments. In each rack, soil samples were taken at 40 cm depth in autumn. Undisturbed samples (φ = 7 cm, h = 2 cm) were taken for measuring dry bulk density, water content, precompression stress, and soil water retention curve (SWRC) with four repetitions. Four samples were taken for measuring granulometry and organic carbon content. The saturated hydraulic conductivity, the cohesion and internal friction angles were not measured. From the SWRC, non-available water θ na , available water θ a , and air capacity c air were computed according to Equations (1) to (3).
Pc was measured in laboratory conditions by confined uniaxial compression tests. An automatic multistep oedometer (VJTechnology, type Acons) under drained condition was used, with pressures of 7. 87, 15.75, 31.25, 62.5, 125, 250, 500 and 1000 kPa applied for 10 min each (Horn and Fleige, 2009 ). The Pc value was determined according to the graphic determination (Casagrande, 1936) . As Pc decreases with increasing water content (WC), following procedure was employed to obtain normalized values independent of the WC. Pc was measured at the WC of the soil at the moment of the tests on half of the soil samples. The second part of the samples was saturated and new measurements of Pc were performed. Assuming a linear relationship of Pc versus the suction (Alonso et al., 1990) , Pc could be computed at two values of water potentials: pF = 1.8 and 2.5.
Methodology of cartography of soil susceptibility
In the data structure, two cases have to be distinguished. In the first case, such as hydraulic variables derived from the HYPRES database and mechanical variables extracted from the database of Horn and Fleige (2003) , the spatial information is limited or even not available. In this case, statistical distributions of values are taken into account and the values to be used in the computation of Pc are determined by a Monte Carlo procedure. This consists in calculating the deterministic results (realizations) for a large number of random draws from the individual distribution functions of input data. The advantage of Monte Carlo analysis is its general applicability and that it does not impose many assumptions on probability distributions and correlations and that it can be linked to any model. The key limitation is the large run times (Refsgaard et al., 2007) . Hence, a Gaussian distribution is assumed for hydraulic variables, an empirical distribution for saturated hydraulic conductivity, and a uniform distribution for cohesion and internal friction angle. As quantitative relationships between the hydraulic variables and the mechanical variables are not available, the realizations were drawn independently. As cohesion and internal friction angle are physically dependent on the water content, it is thus possible that some realizations use incoherent sets of data. However, the occurrence of this situation is deemed limited.
In the second case, the data are abundant and spatial coordinates are available. This is the case for texture and organic content data which are available at a spatial resolution of 1 km 2 . Their spatial distribution is not completely random but structured according to various factors like elevation, slope, parent material, etc. The correlation between the values observed at two distinct locations is known to be a function of their separation distance. This is the key concept of geostatistics, where the spatial correlation is quantified by the variogram and valorised by estimation methods, like kriging, and simulation methods, like sequential Gaussian simulation (Goovaerts, 1997; Chiles and Delfiner, 2012) .
Especially, the simulation of the three textural fractions (sand, loess and clay) is a complex problem since the sum of the three fractions has to be equal to 100 on each grid point and the classification should correspond to the CNSW information. The method of Maximum Bayesian Entropy permits to solve both problems (Christakos, 2000; Bogaert and D'Or, 2002; D'Or, 2003) . However, the implementation of this method is prohibitive at the regional scale. Consequently, a more simple method was used, comprising the following steps:
1. Estimation of the regional tendency for each textural fraction using a mobile window mean with a radius of 10 km, at each point of the AARDEWERK database and each grid point. 2. Computation of the residuals as the difference between the AARDEWERK data and the regional tendency. 3. Transformation of the residuals with the normal scores method in order to obtain Gaussian variables (Goovaerts, 1997). 4. Variogram estimation and modelling on the transformed residuals. 5. Independent sequential Gaussian simulations on the residuals for each textural fraction. 6. Inverse normal score transformation of the simulated values. 7. Addition of the regional tendency to the back-transformed simulated values. 8. Affectation of 0 to negative values and of 100 to values higher than 100. 9. Normalisation of the three textural fractions to ensure that the sum is equal to 100. Afterwards, the textural fractions were classified according to the German and FAO classifications to produce textural classes.
Similarly, steps 1 to 7 were used to simulate the total organic content.
To produce precompression stress maps, two strategies may be used. In the first case, the PTFs of Horn and Fleige (2003) are computed at each point where data are available and an interpolation is performed at the nodes of a regular grid laid over the Walloon Region. In the second case, each input variable is interpolated on the regular grid before applying the adequate PTF. This last strategy is chosen since it permits to better take advantage of the spatial structure of the variables (Heuvelink and Pebesma, 1999) . It implies to produce a map of each variable for each realization, the number of them being chosen equal to 100. All the results are presented on a grid with a square 100 x 100 m mesh. It comprises 2700 meshes along x-axis and 1700 meshes along y-axis, corresponding to a total value of 4 590 000 meshes, 1 686 282 of them being located within the limits of Wallonia.
When stones are present as indicated by the CNSW texture class G, a surcharge coefficient is applied to the computation of Pc according to Horn and Fleige (2003) . Peat and urban zones were discarded as the PTFs are not applicable in these zones. These zones appear in white on the maps.
Soils vulnerability
The vulnerability of soils or the risks of compaction are the threat of adverse effects on crop production and on environment caused by inappropriate land management, such as vehicles loads applied in unfavourable conditions, too many livestock for a given field size, … In this paper, it was estimated that a risk of compaction exists if the vertical stress created by a wheel of agricultural or forest machine was higher than the precompression stress.
Vertical stresses were simulated by using a mechanistic model, based on the Boussinesq equations for stress propagation. It comprised three steps, according to the Terranimo® model (Terramechanical model) (Stettler et al., 2010): 1. estimation of the shape of contact area, considered as a super ellipse, whose parameters are given by Keller et al. (2005) ; 2. computation of the stress distribution between the soil and the tire. The stress distribution is considered as the product of a power function in the travel direction by an exponential function in the transversal direction. The parameters of these distributions are given by Schjønning et al. (2008) ; 3. propagation of the vertical stresses in the soil, based on the equations of Boussinesq (1885) and Frölich (1934) , modified by Söhne (1957) and parametrised by Keller (2005) . The vertical stresses σ z were considered at 40 cm depth.
Some hypotheses were used in this procedure. The first one, and probably the strongest, consists in assuming the soil to be homogeneous. This means that the effect of a possible nocompacted layer, such as a plough pan, was not considered. Secondly, the tire was supposed to be static, the transmission of stress due to the vehicle speed would necessitate the consideration of the rheologic behavior of the soil and was not envisaged.
The comparison between and Pc and σ z was performed at all points of the map for each realization and the risk was computed from following equation: Several scenarios were taken into account, including agricultural tires equipping tractors and harvesters and forest tires equipping forwarders and skidders. In each case, two humidity contents were taken into account: pF 1.8 and pF 2.5. As the compaction increases logarithmically with the number of passages (Brais and Camiré, 1998) , the compaction risk created by the passage of one tire was considered as a good indicator of soil vulnerability.
Results

Measurements analysis
On the experimental sites, as expected, the measurements performed at 40 cm depth revealed significant variability (Table 5 ). The soil texture variability was characterized by high values of the coefficient of variation (CV) of clay and sand contents in all sites, and high CV of loess content in forest sites. Bulk density (BD) was higher in agricultural soils than in forest soils. Overall, the variability of BD was small, excepted for one forest site (Fauvillers).
The measured values were compared to the values issued from the databases and computed by the PTFs by using root mean square error (RMSE) ( Table 6 ) which has general expression:
where N is the number of datapoints, x and x are the estimated and measured variables respectively.
For the two agricultural sites, the correspondence between the measured values of clay, loess and sand and those provided by AARDEWERK was acceptable. However, the measured clay contents were higher of 2 to 5 % than the AARDEWERK values, which conducted to different PTFs choice (respectively ALA1 or L, Table 1 ). The measured BD was in accordance with the value computed with the PTF of Hollis et al. (2012) . The agreement was good between the hydraulic variables, the difference between the measured and computed values being the highest for the available water at pF 1.8. The precompression stress was computed using PTFs 3 and 4, respectively adapted for loess (L) and clay and clayed loess (ALA1). By using PTF 3, the mean computed values of (Pc) pF1.8 and (Pc) pF2.5 were respectively 115 kPa (class 4 in Table 2 ) and 144 kPa (class 5 in Table 2 ). The RMSE were equal to 18 kPa and 38 kPa and the relative errors were 16 % and 26 %, respectively at pF 1.8 and 2.5. By using PTF 4, the computed values of (Pc) pF1.8 and (Pc) pF2.5 were higher than 150 kPa (class 6 in Table 2 ) which was not in agreement with the measured values. This showed that the use of PTFs for calculating Pc requires the accurate evaluation of the clay content since there is no continuity between PTF 3 and PTF 4 as a function of the clay content.
For the two forest sites, CV of the loess and sand were higher than the values obtained for agricultural sites. In the hydraulic variables, the difference between the measured and computed values was the highest for the available water at pF 1.8, as in the agricultural sites. BD was underestimated by the PTFs because of the high values measured at Fauvillers. Concerning the precompression stress, the mean computed values of (Pc) pF1.8 and (Pc) pF2.5 were respectively 54 kPa (class 2 in Table 2 ) and 69 kPa (class 3 in Table 2 ), with a RMSE equal to 18 kPa in both cases, corresponding to a relative error of 33 % and 26 % at pF 1.8 and 2.5. Taking into account the presence of coarse fragments in the soil, a surcharge was applied to the precompression stress and the final classes of these forest soils were 3 and 4 respectively at pF 1.8 and 2.5.
For both sites, the error in the estimate of Pc was thus higher at pF 2.5 than 1.8. Overall, the measurements highlights the difficulties encountered in applying FPTs based on statistical regressions to specific situations with high variability. In the present case, where the produced estimates do not differ systematically from observations, it can be deemed that the chosen PTFs are suited. However, it would be interesting to go further in checking their adequacy by collecting measurements in a wider lot of situations. Precompression stress -pF 1.8 Horn and Fleige (2003) 18 kPa Precompression stress -pF 2.5 Horn and Fleige (2003) 18 kPa
Cartography
For the sake of concision, the results focus on several maps: the textural fractions and organic matter content since implementation of the method described in 2.1.8 involves particular complexity, the bulk density which is a sensitive variable, the precompression stress which defines the soil susceptibility to compaction, and finally the risk maps.
Textural data
The variograms of the transformed residuals of the textural fractions (sand, loess, and clay) are presented in Figure 4 . The parameters of the adjusted models are given in Table 7 . The models are involving a nugget effect and an exponential structure with a range of 5000 m. The relatively large nugget effect (55 to 70% of the total variance) may be explained by the fact that an important part of the spatial structure has already been captured by the moving window average.
The German and FAO texture classes computed on the average fractions over 100 realizations are represented in Figure 5 . The main represented soils are loess (L) in the North of the Region and in the central part of the Arden, followed by AL1 and ALA2.
According to the FAO classification, the major part of Wallonia has soils with medium or medium fine texture. With medium texture, the mean value of the SMC at pF 1.8 and 2.5 is respectively equal to 35 and 29 %. With medium fine texture, these characteristic values of SMC are respectively equal to 38 and 32 %. Figure 5 . Maps of the texture classes computed on the average texture fractions over 100 realizations: German classification (above) and FAO classification (below).
Organic matter content
Modelled variograms used to compute the organic matter content show also a nugget effect and an exponential structure :
where γ(h) is the semi-variance, h is the lag, Nug is the nugget effect and Exp, the exponential structure.
The average organic content over 100 realizations on the whole Region is given in Figure 6 . The higher content appears in the central part of the Arden which is mainly occupied by forests. Figure 6 . Map of the average organic content over 100 realizations (Units: %). Figure 7 presents the map of bulk density computed by using the equations presented in Table  3 . Bulk density range from 0.83 and 1.84 Mg/m³ with 95% comprised between 1.35 and 1.62 Mg/m³. Considering the histogram given in Figure 8 , two populations were identified in the subsoil: horizons of cultivated soils with BD around 1.55 Mg/m³ and mineral horizons with BD around 1.35 Mg/m³. Compacted or gleyified subsoil horizons represented only a minor fraction of the soils in Wallonia. 
Bulk density
Precompression stress
Pc was computed according to flowchart of Figure 1 and descriptive statistics are given in Table 8 . Some negative values (less than 1 % of points) appeared in areas of texture G, also characterized by high contents of total organic content (TOC > 1.4 %). These values were simply reset to 0. Very high values (> 300 kPa) were also noticed, they were basically categorized into ALA1. This resulted from the fact that Equation 4 in Table 2 used to calculate Pc for ALA1 class involves an exponential and is therefore particularly sensitive to small changes in the variables. To map the precompression stress, the modal class of Pc over the 100 realizations was computed (Figure 9 ). At each simulation grid node, the modal Pc class is the most frequent class among the 100 realizations. This method was chosen rather the computation of mean and standard deviations in order to reduce the influence of extreme values of Pc. Precompression stress varies from very low values (class 1, Pc < 30 kPa) to very high values (class 6, Pc > 150 kPa). At pF 2.5, Pc is higher than 120 kPa and belongs to class 5 or 6 in 64 % of the territory. At pF 1.8, values higher than 120 kPa corresponding to classes 5 and 6 are encountered only on 55 % of the territory. For both values of pF, classes 1 and 2 correspond to very low and low values of Pc. These classes are observed in loess soils without coarse fragments, in the central part of the Arden. This area presents thus high soil compaction susceptibility. In this forest region with medium texture soils, the soil moisture corresponding to pF 1.8 and 2.5 is respectively around 35 and 29 % (Table 4 ). The soil susceptibility to compaction is thus high when these conditions are encountered, mainly in autumn and winter. As mechanized logging with heavy machines is usually performed in this period, the probability of inducing soil compaction would be high in this region (see point 3.3).
To analyse the uncertainties, firstly, the histograms of the standard deviations of the raw simulated values of Pc computed at each grid node were expressed as a function of the texture classes ( Figure 10 ). The higher values of standard deviations were obtained for pF 2.5 compared to pF 1.8. Especially at pF 2.5, high values were reached for ALA1 area for which PTF 4 was used. In this particular case, it is questionable whether the pedotransfer function is applicable to the soils of Wallonia. Secondly, the uncertainty at the regional scale was expressed by the classification error probability E, computed at each grid node as:
where P m is the probability of the modal class.
The maps of Figure 11 show that higher values of E occur at pF 2.5 than at pF 1.8, thus for dryer soils. In other words, when the soil is wet, the uncertainty is smaller and limited to 0.6, excepted in punctual zones and in Gaume (very South part of Wallonia).
Concerning management, four situations may be distinguished (Table 9) . With low uncertainty, management rules are needed if Pc is low and unnecessary if Pc is high. At the contrary, in presence of high uncertainty, management rules may be too restrictive if Pc is low and too lax if Pc is high. Taking the central part of Arden as an example, at pF 2.5 (SMC equal to 29 %), the major part of the area belongs to Pc class 1 corresponding to high compaction susceptibility which suggests management tools. However, the probability of error is comprised between 0.5 to 0.8, meaning that management tools would be potentially too restrictive. Considering the same region at pF 1.8 (SMC equal to 35 %), it appears that the region is spread within classes 1 to 3 with a probability of error comprised between 0.4 and 0.5. The confidence in classifying the region in very low to moderate Pc classes is thus better. 
Soil vulnerability
According to the concept of precompression stress, Pc values can be used as a threshold value to avoid subsoil compaction. The compaction risk was defined as the risk that exists if the vertical stress created by a wheel of agricultural or forest machine is higher than the precompression stress in the subsoil. Figure 12 to 15 Erreur ! Source du renvoi introuvable. present the maps of risks of subsoil compaction for the four following scenarios:
1. An agricultural tire equipping a tractor, with a load of 4440 kg at 1 bar 2. An agricultural tire, equipping a harvesting machine, with a load of 6300 kg at 1.2 bar 3. A forest tire equipping a forwarder, with a load of 10000 kg at 3.1 bars 4. A forest tire equipping a grapple skidder, with a load of 5450 kg at 5.5 bars. In the agricultural zones, a mask was put on the non-relevant forest zones and vice versa.
To simplify the legibility of the maps, threshold values of the probability risk were fixed: lower than 10 % (green color), higher than 90 % (red color) and comprised between these limits (blue color).
With agricultural scenarios 1 and 2 (Figure 12 and 13Erreur ! Source du renvoi introuvable.), the risk of exceeding Pc at 90 % is very low, intermediate situations where the risk is comprised between 10 and 90 % being higher with scenario 2. In further studies, the uncertainty related to the intermediate areas could be reduced by considering a whole vehicle, or successive passages of a given vehicle.
With forest scenarios 3 and 4 ( Figure 14 and 15Erreur ! Source du renvoi introuvable.), the risk of exceeding Pc at 90 % is clearly high, especially in the central part of Arden, whatever the pF and the water content. In these zones, it is highly probable that soil stresses caused by heavy machines such as skidders or forwarder will exceed the stability limit and result in further soil compaction. Figure 12 . Maps of risks of subsoil compaction, pF 1.8 (above) and pF 2.5 (below). Scenario 1: tyre equipping a tractor, load = 4440 kg, 1 bar. Green: compaction risk lower than 10 %; red: compaction risk higher than 90 %; blue: intermediate risk. Figure 13 . Maps of risks of subsoil compaction, pF 1.8 (above) and pF 2.5 (below). Scenario 2: tyre equipping a harvesting machine, load = 6300 kg, 1.2 bar. Green: compaction risk lower than 10 %; red: compaction risk higher than 90 %; blue: intermediate risk. Figure 14 . Maps of risks of subsoil compaction, pF 1.8 (above) and pF 2.5 (below). Scenario 3: forest tyre equipping a forwarder, load = 10000 kg, 3.1 bar. Green: compaction risk lower than 10 %; red: compaction risk higher than 90 %; blue: intermediate risk. Figure 15 . Maps of risks of subsoil compaction, pF 1.8 (above) and pF 2.5 (below). Scenario 4: forest tyre equipping grapple skidder, load of 5450 kg, 5.5 bars. Green: compaction risk lower than 10 %; red: compaction risk higher than 90 %; blue: intermediate risk.
Discussion
The proposed methodology provides estimates of the modal class of Pc (1 to 6) and the compaction risk at regional scale. As acquiring direct Pc measurements is prohibitive in time and costs, there is a need for a model able to valorise already existing data. Of course, the accuracy of the results depends on the quality of those data. The level of accuracy of the estimations can be discussed at the light of two types of error, namely, random and systematic errors.
The computation of modal class Pc implies the knowledge of several variables provided by databases or PTFs. From the measurements performed in four agricultural and forest sites, it appeared that the used PTFs can produce acceptable values on average but are not reliable for taking into account site-specific variability. This is an upscaling problem consisting in relating small-scale properties measured at the laboratory scale to larger scale represented by the numerical grid of the model (Romano, 2004) . For example, measured Pc has a higher variability than Pc modelled by PTFs because it is function of soil tillage systems (i.e. conventional or conservation tillage), cultivation history (i.e. existence of old meadow), and stress history (i.e. over-consolidated zones due to repeated passages of machines) (Hanquet et al., 2004) . As a consequence, interpolation of the cartographic results to estimate the precompression stress or the compaction risk at the parcel level cannot be performed as it would lead to random errors.
To analyse the systematic errors, two main problems are identified. Firstly the choice of the PTF for computing Pc may be crucial since, in some cases, the soil's texture class is located at the frontier between two functions and there exists no continuity between them. Consequently, the accuracy of the texture class is important since it governs the choice of the PTF. Secondly, it appears that the use of PTF 4 (clay and clayed loess) leads to high values of Pc that are not encountered in conditions of Wallonia. The validity of this PFT is thus questionable in Wallonia.
The reliability of the spatial data involved in the PTFs is also concerned. Simple sensitivity analyses show that most of the PTFs used to compute Pc present a high sensitivity versus the bulk density and a low sensitivity to the saturated hydraulic conductivity. Accurate knowledge of BD is thus necessary and it would be important to validate the PTFs of Hollis et al. (2012) at least in forest soils and, if necessary, to propose other PTFs more adapted to the Walloon forest soils. Cohesion and internal friction angle also play an important role in the calculation of FPTs of Pc. Collection of these mechanical variables for the soils of Wallonia would also be helpful.
The uncertainty in the estimation of Pc is given by the classification error probability on its modal class. Overall, the uncertainty is high, which means that management rules may be too restrictive if Pc is low and too lax if Pc is high. In further studies, reduction of the uncertainty could be obtained by more precise information on cohesion, which would restrict the ranges of its variation in the model. The use of complementary information provided by soil surveys such as the drainage capacity information could also be considered.
The compaction risks were defined as the probability that the precompression stress (Pc) is lower than the stress resulting from the passage of a wheel, at 40 cm depth. The calculation of these latter is based on the assumptions that the soil is elastic, homogeneous and isotropic. In reality, this is not the case and, as an example, the presence of a plough pan in conventional tillage could act as a resistant layer which modifies the stress propagation. Furthermore, the computed stresses are static values although the loads are applied during short duration.
In some situations (such as agricultural soils), the uncertainty is high and could be reduced by considering a whole vehicle instead of a wheel or successive passages of a given vehicle.
Conclusion
The basis of management tool for assessing soil compaction were developed and applied to Wallonia (Belgium). This tool evaluated the susceptibility of subsoil compaction at a regional scale by estimating the modal class of precompression stress (Pc) on basis of the pedotransfer functions (PTFs) of Horn and Fleige (2003) . The uncertainty was quantified by estimating the classification error probability on the modal class. Simulations showed that uncertainty was higher at pF 2.5 than at pF 1.8. Uncertainty was also found higher for clay and clayed loess than for other textural classes of Wallonia. For these soils, the uncertainty could be reduced by establishing a new PTF better adapted to make reliable estimates of Pc. The risk of compaction was evaluated by estimating the probability that vertical stresses in the subsoil exceed Pc. It appeared that compaction risks existed mainly in loamy forest soils with small amount of coarse fragments. These soils are characterized by a relative low bulk density and a relative high content of organic matter. In these situations, the passage of heavy vehicles such as forest logging machines would probably conduct to exceed the soil stability limit and cause long term subsoil compaction. The developed tool has been designed to be flexible and has the ability to include newly acquired knowledge. It presents the interest of delineating zones according to the uncertainty on Pc. Where the uncertainty is low, the tool could be used as a basis for providing relevant policy measures in order to promote soil-friendly farming and forest practices.
